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A. Objectives of the Research

The goals of this research project include: the design, construction
and characterization of a state-of-the-art flowing afterglow apparatus
with infrared chemiluminescence and laser-induced fluorescence detection;
determination of the rotational and vibrational energy distributions of the
products of thermal energy ion-molecule reactions; studies of the internal
excitation of molecular ions in a drift field; measurement of collisional
deactivation rates of vibrationally excited species; determination of

infrared emission properties and yields of infrared emission from ion-

molecule reactions.
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B. Status of the Research Effort

l. The flowing afterglow apparatus

A state-of-the-art flowing afterglow apparatus (Ferguson, et al., 1969,
Fehsenfeld, 1975a) with infrared chemiluminescence and laser-induced fluores-
cence detection capabilities was designed and constructed. This apparatus,
shown in Fig. 1, consists of a flow tube in which reactant ions are produced
~in a flow of buffer gas maintained by a large pumping system. The ion-molecule
reactions are carried out by the addition of a neutral reactant. Optical
emission in the infrared and by laser-induced fluorescence are detected at
various ports just after the neutral addition. The ion population is continu-
ously monitored downstream by a quadrupole mass filter coupled with a particle

multiplier.

a. Infrared chemiluminescence

Incorporation of infrared chemiluminescence detection requires three
changes to the conventional flowing afterglow (Fig. 1) (Zwier, et al., 1980a):
modification of the flow tube to allow collection of light, use of a sensitive
infrared detector and associated electronics, and incorporation of a shutter to
provide modulation of the ions. The infrared port consists of a 2.5 cm diam
NaCt window inserted tangent to the inside wa[] of the flow tube. This re-
cessed design allows close placement of the infrared detector to the flow tube
for viewing a volume of up to 120 cm3. Since the wavelength transmission of
interference filters depends on the angle of incidence, larger port-to-detector
separations are usually used to minimize collection of off-normal light. A
10 c¢m focal length aluminum mirror is placed opposite the window and a 5.1 cm
diam f/1 CaF, lens is used above the window to collect and image the infrared

emission onto the detector.
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Two infrared detector assemblies are used in the infrared chemilumines-
cence experiments, an indium antimonide detector for the reactions of chloride
and cyanide ions and a copper-doped-germanium detector for the studies involv-
ing fluoride ion and N*.  The photovoltaic InSb detector is a liquid nitrogen
cooled, 1.27 cm diam element with a wavelength response of 1.0-5.5 um and a
detectivity, p* = 1x 1011 cm Hzl/2 Wl at 5 um. The large area of the detec-
tor element, the high D* value, and the ease of liquid nitrogen cooling make
this detector best-suited for initial studies. Wavelength resolution of the
transmitted light is provided by a series of room temperature fixed frequency
interference filters mounted below the detector. Cold gas filter cells con-
taining HCZ, HF, or HCN are also employed to selectively absorb more than 99%
of the emission from v=1>0. The output of the InSb detector is amplified and
modulated signals are accumulated in a signal averager.

The photoconductive Ge:Cu detector is a liquid helium cooled 3 mm x 10 mm
element with a wavelength response of 2-30 um and a detectivity, D" - 1 x
1012 em Kz1/2 Wl at 3 um, under background limited conditions. Liquid helium
cooled magnesium fluoride and/or sapphire windows are mounted directly on the
detector heat sink to provide a long-wavelength blackbody cutoff. The detec-
tor views emission through a wavelength-selective, low resolution rotatable
circular variable interference filter assembly (CVF) and a 1.5 mm x 12 mm
slit, both cooled to 77 K (Zwier, et al., 1981). The output of the Ge:Cu
detector is amplified by current feedback circuitry and then accumulated in
the signal averager.

The circular variable filters consist of three 90° annular sections of a
transparent substrate coated with continuously varying thicknesses of multiple

dielectrics. Each radial slice through the annulus is a narrow bandpass inter-

ference filter whose peak transmission wavelength varies linearly around the
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circumference of the annulus. The three filter segments span the range 2.5-
14.5 pm and are calibrated to +0.05 um using a broadband infrared source and a
monochromator. The resolution is slit vidth limited and varies from 0.055 um
at 2.5 um to 0.11 um at 8 um; signal collection is maximized by this relative-
1y low resolution configuration. The sensitivity of the detector and filter
combination as a function of wavelength is measured by chopping and imaging
the output of a calibrated blackbody source onto the detector; the output vs
CVF setting is normalized to the calculated blackbody emission curve.

The ion source generates a variety of reactive radical and metastable
species in addition to the reactant ion of interest. In order to distinguish
the desired infrared emission of the ion-molecule reaction from all other
interfering signals, the ions must be modulated. lon modulation is achieved
by repetitively applying a repulsive potential to a 95% transmission tungsten
mesh stretched across the flow tube about 40 cm downstream of the ionizer.

For negative ions the grid is typically pulsed to ~10 V for 0.3 msec and re-
turned to ground for the remainder of the 5 or 10 msec period as shown in Fig.
2 for chloride ion. This causes a decrease in the chloride ion density as
detected at the quadrupole mass spectrometer 6 msec later, but does not affect
the density of uncharged species. If hydrogen iodide is added to this modu-
tated plasma, vibrationally hot HC2 product is formed. The decrease in the
ion density appears as a decrease in the infrared emission intensity due to.
the interruption of the ion-molecule reacfion; therefore the area of the emis-
sion curve is directly proportional to the amount of HCL(v) arising from the
ion-molecule reaction. These signals are monitored as a function of trans-
mitted wavelength to construct a spectrum.

In a typical experiment, reactant ions are formed in the ion source,

thermalized in a 40 cm section of flow tube, and modulated with the shutter.

Rt
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Fig. 2. Ion modulation for infrared chemiluminescence detection. Lower:

minus 10 V pulse repetitively applied to the ion shutter. Middle:
HCL(v) infrared emission, showing a decrease in emission when the
ions are stopped and delayed by the flow time between the shutter

[ and IR detector. \Upper: Chloride ion counts observed downstream

] with the quadrupole mass spectrometer when no reactant is added.
The spreading of the modulated ion packet is due to axial diffusion
[From Zwier, et al., (1980a)].
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The addition of neutral reagent 10 cm downstream of the mesh initiates the
ion-molecule reaction, and wavelength resolved infrared emission is detected
in phase with the ion modulation by the infrared detector positioned 2-5 ¢m
downstream. Signal-to-noise before averaging is about 0.1-1.0, in good agree-
ment with estimates based on ion densities, radiative lifetimes, collection
efficiency and detector characteristics. Typically 104-105 modulation periods
are accumulated and averaged at each wavelength, corresponding to 1-10 minutes
of data collection. The raw infrared emission intensities are corrected for
detector and filter sensitivity and a complete spectrum is constructed (Fig.
3). For fixed interference filter experiments, populations are deduced from
the transmission through several filters and the known values of the Einstein
coefficients, A, (Maricq, et al., 1981). For the CVF data the chemilumines-
cence spectra are computer analyzed by a linear least squares procedure in
which relative populations, Nv’ are extracted (Zwier, et al., 1981). In those
calculations, the molecular line positions, the transition strength of each
line, and the spectral resolution are specified. Small corrections to the
resulting vibrational populations are then applied to account for radiative
and collisional cascading between the time of formation and detection of the
vibrationally excited product. In most cases a thermal distribution of rota-
tional states is observed and used in the computer fitting routiﬁe. When pos-
sible, vibrational surprisal plots are extrapolated to obtain estimates of the
v=0 population and of the average fraction of available energy deposited into
product vibration (Zwier, et al., 1981).

A variety of experimental checks are performed to insure that the in-
frared emission arises solely from the ion-molecule reaction of interest and

that the vibrational distributions are nascent. Ion modulation with phase

sensitive detection of chemiluminescence eliminates contributions from neutral




Fig. 3.

F T+ HCI > HF(vI+CI™

F~ + HBr

CHEMILUMINESCENCE INTENSITY

~—>HF(v}+Br~

FT4+HI —> HF(v)+ 1~

o .

Low resolution infrared chemiluminescence
from the ion reactions F + HC2, HBr, and
the vibrational levels creates an overlap
of adjacent bands, producing the multiple
thermicities are sufficient to produce HF

HCL, HBr, and HI reactants, respectively.
(1981)].

spectra of HF(v) produced
HI. The anharmonicity of
between P and R branches
peaked spectrum. The exo-
up to v=3, 4, and 5 for the
[From Weisshaar, et al.
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~eactions. lon-molecule reactions are monitored with the mass spectrometer
before and after addition of the neutral reagent. In a valid experiment, the
reactant species is depleted, the product species is generated, and all other
ion signals remain constant. Other evidence that the detected emission arises
from the jon reaction is the proper correlation of chemiluminescence intensity
with ion density and neutral reactant flow and the correspondence of the tinme
evolution of the infrared emission to that of the ion arrival waveform at the
mass spectrometer. In some test experiments, a second mesh is inserted into
the flow tube upstream of the ion shutter and held at a constant, highly re-
pulsive potential. This effectively stops all ions and the infrared emission
intensity decreases by greater than 98%. Finally, for some reactions (e.g.,
Ce” or F~ + HI), the neutral reaction counterpart is known to populate vibra-
tional levels higher than allowed by the ion process exothermicity. Absence
of emission in this region confirms that the neutral process does not contrib-
ute to the detected infrared signals.

Gas phase deactivation, wall deactivation, and radiative cascading must
be considered for quantitative assignment of initial vibrational distributions.
Gas phase deactivation is addressed by monitoring infrared emission over a wide
range of flow rates of precursor gas and neutral reactant. Data are obtained
under experimental conditions where vibrational deactivation is completely
negligible or very small. In these 1attet cases the data are corrected usiﬁg
published collisional relaxation rates. Although vibrational relaxation of
many diatomics by helium is extremely inefficient (Leone, 1982), rotational
relaxation is rapid on the time scales of our experiment (Sung and Setser,
1978). This is experimentally checked in several ways. For exanple, in the
formation of HCL from Ci~ + HBr where only v=1 is formed, emission is totally

blocked by a gas filter, indicating the absence of hot rotational levels. In
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other experiments, emission to red or blue wavelengths, which would reflect the
presence of non-Boltzmann rotational distributions, is not observed. Moreover,
in the computer simulation of emission intensity vs wavelength, a rocational
temperature of 300 K gives excellent agreement to the data; assumed tempera-
tures above 450 K result in considerably degraded fits. Therefore vibrational

excitation is largely preserved, but rotational relaxation is complete.

Vibrational deactivation at the walls of the flow tube is negligibie.

Calculations indicate that onfy 5% of the product species experience a colli-
sion with the wall before detection of chemiluminescence. This 1is supported by
the consistency of data obtained with différent distances between the neutral
inlet and the infrared detector.

Finally, radiative cascading, that is depletion in the population of
level v and the résu]ting increase in the population of level (v-1) by radia-
tive processes, must be carefully evaluated. The raw populations are cor-
rected for the known radiative lifetimes by a simple kinetic model to deduce
the initial vibrational populations. Corrections never exceed 20% and are

generally considerably smaller.

b. Laser-induced fluorescence

Use of laser-induced fluorescence detection requires several extensions
of the flowing afterglow as illustrated in Fié. 4 (Hamilton, et al., 1982):
incorporation of the laser; flow tube modifications to allow entry of laser
light, collection of fluorescence, and reduction of background light; a photo-
multiplier tube, lenses and filters to detect the fluorescence; and signal
collection and processing electronics. |

A Nd:YAG pumped dye laser is used, which is capable of producing tunable

pulsed radiation at 0-20 Hz with energies of 5-50 mJ/pulse in the 380-700 nm
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range. Use of nonlinear optical techniques extends the output range to 217 nm

through harmonic generation and mixing in angle phase-matched crystals. Most

IOT

experiments are performed with 0.1-1 mJ/pulse to avoid saturation of the mo-
lecular transition. The short pulse duration of 5 nsec allows gating out of
the scattered laser light. Careful control of amplified spontaneous emission
is essential to avoid broadband background signals. The full width at half

§ maximum of 0.02 nm provides rotational resolution in most cases. Three species

P L TR

have been studied using laser-induced fluorescence: N2+’ C0+, and OH.

A section of flow tube incorporates two sidearms perpendicular to the

T o

direction of flow to allow the entrance and exit of laser light and a third
port above the flow tube for the collection of fluorescence. Windows arc made g

of UV grade quartz. The baffle arms contain several apertures to reduce scat- .

tered laser light. A blackened right angle bend is added to the flow tube
between the ionizer and LIF regions to reduce background light from the ion
source. The photomultiplier tube is positioned directly above the flow tube
in the region of laser probing to detect the resulting fluorescence. The
output of the photomultiplier is amplified and fed into a boxcar integrator. i
To reduce the background signals, the photomultiplier field of view is |
restricted to the small volume of gas intersected by the laser beam by a com-
bination lens and slit arrangement. The f1u0ﬁescence signal is collected by a |
5 cm diam f/1 CaFp lens and focussed onto a 5 mm slit positioned directly in
front of the phototube, resulting in a factor of 30 improvement in signal to
noise. The afterglow background is also reduced by chemical quenching by ad-
dition of trace gases and by the use of filters in the photomultiplier hous- !
ing; short wavelength cutoff filters are effectively used in combination with

bandpass filters. Nevertheless, the ultimate signal-to-noise is still limited

by the continuous afterglow background light.
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A boxcar signal averager provides a variable width, variable position

window for gated collection of fluorescence. The boxcar is triggered by the

Q-switch of the Nd:YAG laser, the gate is normally delayed by about one mo-

lecular radiative lifetime to minimize scattered light, and it is then opened
for several lifetimes for signal acquisition. The current from the photomul-
tiplier is transformed by the boxcar into a digitally held voltage which is a

measurement of the average signal over the gate width. The laser power as g

PP —— ey

measured by a thermopile is simultaneously monitored in the second channel Q

of the boxcar. The fluorescence signal normalized for laser power is then ;

Staprcai i

directly taken as an output. a
In a typical experiment, the reactant ion is generated in the ion source
and reacts downstream with a neutral reagent to form vibrationally excited
products just before the laser excitation port. The tunable dye laser induces !
a transition from specific vibrational and rotatiocnal levels of the products
to a bound electronic state; the total visible or ultraviolet fluorescence
from this state is monitored with the photomultiplier. The boxcar signal
averager provides the gated detection of the fluorescence and normalization
to the laser power while the dye laser wavelength is slowly scanned through a
vibronic band of the species of interest. The resulting LIF excitation spec-
trum is recorded by coupling the boxcar output with a strip chart recorder or
with a multichannel analyzer connected to a minicomputer. . %
A laser-induced fluorescence spectrum.for OHLA 22+(v'=1) - X %l (v'=0)] i
formed in the reaction of 07 with HF is shown in Fig. 5. The excellent signal- |
to-noise possible with LIF is clearly evident; signal levels of 2000 counts/sec
are easily obtained with total background signals of only a few counts/sec. Typi-

cal scan rates of 0.05 nm/min require reasonably short times (about 15 min) for

data acquisition, and therefore stability of experimental parameters is excellent.
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The peak or integrated fluorescence intensities of single lines are cor-

rected for relative transition probabilities, the filter transmission curves,
and -the photomultiplier quantum efficiency as a function of wavelength. Non-
radiative loss processes of the excited state must also be considered. In
particular, vibrational deactivation of the upper state can be a serious prob-
lem even for collisions with heliumn (Miller and Bondybey, 1977; Katayama, et
al., 1980). This problem is conveniently circumvented by selecting transi-
tions which terminate in the same upper state; in this way, vibrational and
rotational relaxation processes and radiative rates are identical, independent
of the initial vibrational level probed.

As in the infrared chemiluminescence experiments, a variety of checks are
carried out to insure that the detected products arise from the ion-molecule
reaction of interest and that the measured vibrational populations are unre-
laxed. The experimental tests are very similar with one exception: ion modu-
lation with a shutter is not necessary in the LIF experiment due to the high
spectral selectivity and the pulsed nature of the detection scheme. While the
correlation of the detected ionic species, N2+ and CO+, with jonic reactants
is straightforward, careful checks on the origin of OH are necessary to con-
firm its formation by the jon-molecule reaction. Therefore, background OH
signals are measured by holding the tungsten mesh at a repulsive potential,
thereby blocking all ions. The data analysis assumes that saturation of a
transition by the laser does not occur. The absence of saturation is con-
firmed experimentally by demonstrating that the fluorescence signal scales
directly with laser power up to about 1 mJ/cmZ. Extraction of nascent popu-
lations from experiments carried out in the saturated regime is more compli-

cated, but saturation conditions are used in the single collision apparatus

to increase the signal-to-noise ratio.
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2. Results

a. Proton transfer reactions

. Proton transfer reactions,
Y™ + HX» HY + X° (1)

are among the simplest and most studied of ion-molecule processes. The rate
constants and exothermicities of several of these reactions are collected
together in Table I. Most of the proton abstraction processes described here
occur adiabatically on a single potential energy surface, a fact which greatly
simplifies the interpretative tasks. All reagents and products are closed
shell species whose first excited electronic states are high in energy so that
at thermal energies surface hopping trajectories are expected to be unimpor-
tant (Preston and Tully, 1971; Krenos, et al., 1974).

In light of the enormous amount of research on the dynamics of simple,
neutral reactive encounters, Y + HX » HY + X (Kuntz, 1976}, it is illuminating
to compare the vibrational state distributions for corresponding neutral and
ijon reactions. The bottom of Table I provides data for the neutral reactions.
It should be noted that the halogen atom reactions sometimes involve several
interacting electronic states which lead to a number of coupled potential sur-
faces. Another important difference between neutral and ion reactions is the
intermolecular potential. The potential between neutrals is only weakly at-
tractive and generally features a barrier which must be surmounted for reac-
tion to take place. In contrast, ion-molecule reactions feature potentials
dominated by the attractive ion-dipole and ion-induced dipole terms and, con-
sequently, pass through potential minima. Figure 6 is a sketch of the poten-

tial enerqgy curves for collinear collisions of F with HCR and F~ with HCL. In

both cases, the product HF can be excited up to v=3. As indicated in Table I,




Tabte 1.

Exothermicities, rate constants, and product vibrational populations for several

proton transfer and hydrogen atom transfer reactions. {
i

Proton transfer reactions

lon reaction Meev)y  k(end sThHa wg ® L T T <> Reference !
- '
€t~ + HBr » HCL + Br” -0.43 7.5(-10) (0.60) 0.40 0.30 ¢ 1
CL™ + Hl » HCR + 17 -0.83 6.3(-10) (0.33) 0.36 0.3l 0. 46 c 4
F- 4 HCL » HF + C1~ -1.65 1.6 (-9) (0.37) 0.29 0.21 0.13 0.31 d ]
F° + HBr » HF + Br~ -2.08 1.2 (-9) (0.24) 0.21 0.21 0.18 0.16 0. 40 d
F© + Hl <« HF + 1 -2.48 1.0 (-9) {0.15) 0.17 0.19 0.19 0.17 0.13 0.45 d
0O +HF + OH + F~ -0.46 ~5 (-10) 0.82 0.18 0.15 e
CN™ + HCL » HCN + C2~ -0.77 3.0 (-9) - 0.869 0.11 f
CN™ + H3r » HCN + Br~ -1.19 2.4 (-9) -—-- 0.51 0.44 0.05 f
CN™ + HI -+ HCN + I° -1. 59 1.3 (-9) - 0.21 0.47 0.11 0.02 (HNC, 0.19) f
é Hydrogen atom tra nsfer reactions
}
% Neutral reaction aH(eV) k(cm3 s'l)a Ny b N Ny Ny Ng Ng Ng <>  Referenca
K
Ct + HBr » HCZ + Br -0.68 8.4(-12) {0.58) 0.38 0.04 0.22 c
Ct ¢+ HI » HCa + I -1.38 1.5(-10) (0) 0.10 0.15 0.43 0.32 0.71 g
F + HCL » HF + C1 -1.4 8.1(-12) (0.07) 0.23 0.60 0.10 0. 51 h
F + HBr +» HF + Br -2.11 4.5(-11) (0.04) 0.13 0.16 0.29 0.38 0.59 h
F +HI » HF +1 -2.82 4.1(-11) (0. 06) 0.10 0,11 0.13 0.16 0.20 0.24 0.59 h
0 +HF +» OH +F 1.48 ——-
CN + HCL » HCH + Cx -0.97 . 3.7(-14) : i |
CN + HBr » HCH + Br -1.65 3.7(-13) i '
i
CN + HI + HCN + 1 -2.36 7.6(-12) i f
Notes for Table I
"The tabulated rate constants atbreviate the exponent. ;
bihere availadble the vaives <ur W, oare given. Tneso are the best ectimates of ;
the v=0 populatinn hased on an extrdealation of a surprisal analysis (Levine, ‘-
1978). The «; wilu2 for the 07 « iff rosction 1s deteramined absolutely. The
tabulated i, vilins are normalized so that they sum to unity.
Zwier, et al. 17 21).
duaisshaar, ot 3l {(l231).
Hamilton, on _al. [1u72).
Maricq, ot +1.7{17:1), *he Ny's describe the ., C-H stretch mode of HCN and
the H-H Sireten of H4T. 3
Iaylotte, ot 1. [1072). K
Cold wall 2rre.ted relaxation data of Tamagake, et al. (1980).
Roden (1975).
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the exothermicities of the ion reactions are comparable to their neutral ana-
logs but the rate constants are roughly 2 or 3 orders of magnitude larger.
The fast rates of ion-molecule reactions are generally attributed to the pres-
ence of the large, attractive well. In general, both the ion and neutral re-
actions have a tendency to dispose of a large fraction of the exdothermicity
into product vibration.

The details of the reaction dynamics of several proton transfer
reactions have been studied by infrared chemiluminescence (Zwier et al.,

1980a; Weisshaar et al., 1981):

CA~™ + HBr, HI » HC2(v) + Br, I (2)

F™ + HCL, HBr, HI » HF(v) + Ce~, Br~, I~ (3)

For the reaction of C&~ with HBr, there is only enough energy (0.43 eV) to
produce HC2(v=0,1). Infrared emission from HC2(v=1) at 3.47 um is observed
but there are no direct means of monitoring the population born in v=0. In
the reaction of C2~ with HI, production of HCz(v=0,1,2) is possible and the
emission of HCa(v=1l) at 3.47 um is separated from that of HC:(v=2) at 3.60 um
by use of an HCR gas filter. From these measured chemiluminescence intensi-
ties and the known Einstein coefficients, the relative populations, corrected
for radiative cascading and collisonal relaxation, are found to be v=2/v=1 =
0.85. Comparison of the CL~ + HBr and HI emission intensities and further |
comparison of C2~ + HI with the C2  + H associative detachment reaction allows
approximate populations in v=0 to be assigned (Zwier, et al., 1980a). This
comparison is based on the fact that the associative detachment reaction forms
very little v=0 product. The numbers in Table [ are based on the surprisal

analysis for C2~ + HI and they differ only slightly from the experimental com-

parison.
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The reactions of F~ with HC%, HBr, and HI provide a much broader
dynamical range; excitation of HF up to v=5 is possible with HI. Figure 3
shows the emission spectrum obtained from the product HF(v) formed in each
case. These spectra are composed of multiple features which arise from the
superposition of the P and R branches of the anharmonic bands. Figure 3 shows
that successively higher vibrational bands are produced on going through the
series F~ + HCR&, HBr, and HI. Indeed the highest vibrational level observed
in emission corresponds in all cases to the highest vibrationai state allowed
by the exothermicity. About 40 to 60 points define each spectrum in Fig. 3
and these spectra are inverted as described earlier to obtain vibrational
populations. In this calculation, a room temperature Boltzmann distribution is
assumed, and the positions, line strengths, and spectral resolution are speci-
fied. The average results of the relative vibrational populations after cor-
rection for radiative cascading are displayed in Table I (Weisshaar, et al.,
1981).

The relative populations can be used to generate the complete product
distribution if the v=0 population is known. These populations are estimated
from a surprisal analysis (Levine, 1978) and are included in Table I in paren-
theses. Therefore one can approximately determine <f,>, the average fraction
of the available energy deposited in product vibration. As evident from Tab]e
I, these fractions are substantial, ranging from 0.30 to 0.46 for the proton
transfer reactions of €4~ and F .

Comparison of the ion and neutral populations in Table I shows many
similarities. Both types of reactions lead to highly vibrationally excited HY
product molecules but with the neutral reactions producing distinctly higher
excitation. It is important to note that the kinematic effects for both ion

and neutral reactions may be similar since both have identical mass combinations




of two heavy particles (H and H') and one light particle (L): HL + H' » H + LH',

In both cases the mass-weighted coordinate system (which diagonalizes the kinet-
ic energy) is sharply skewed (Kuntz, 1976). This means that the entrance and
exit valleys are rotated from each other by about 15°. Although the kinematics :}
for the ion and neutral are similar, the detailed mechanisms of their interac-
tions are expected to be very different. The possible presence of a long-lived
intermediate in the ion reaction may allow for exteasive redistribution of vi-
brational energy relative to the neutral process. The similarity of vibrational
populations for ion and neutral reactions suggests that these simple proton
transfer reactions, Y  + HX, proceed through direct collisions with their dy-
namics being dictated largely by the kinematics rather than by the shape of

the intermolecular potential. However, the lower f, in most cases for the ion il
reactions suggests that the long range attractive forces do influence the
final vibrational distribution to be somewhat more statistical.

A more complicated proton transfer process is the reaction:

0" + HF » OH(v=0,1) + F~ (4)

The corresponding neutral reaction is endothermic by 1.48 eV and does not

occur at room temperature. In this case LIF is-used to detect the product OH

molecules; a typical fluorescence spectrum is shown in Fig. 5 (Hamilton et

al., 1982). The LIF detection allows direct measurement of the populations of
both vibrational states and no surprisal analysis is necessary. The absolute

vibrational populations of OH products from this reaction are Ny = 0.82 and

Nl = 0.18. The observed fraction in v=1 is significantly greater than would
be expected by a statistical "prior" distribution (0.07) (Levine, 1978) even

though the available energy is barely able to populate the v=1 state. A de-

tailed interpretation of this reaction may be complicated by the multiple
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states of O'(2P3/2 and 2P1/2) and 0H(2n3/2 and 2”1/2)' The two spin orbit
states of 0™ are split by only 22 meV (Hotop and Lineberger, 1975) so that a
mixture of reactant states is present in the flowing afterglow. However, the
reactivity and detailed dynamics of these states may differ; for example,
Tully (1974) finds a substantial difference in reactivity between the two fine
structure states in the reaction of F(2P3/2 ans 2P1/2) with Hp.  The splitting
between the two spin-orbit states of OH is 16 meV (Evenson et al. 1970), the
numerous collisions with helium preclude detection of any preferential excita-
tion in the %13/2 and 2n1/2 product states of OH.

The reactions discussed so far have all been those of an atomic ion with
a diatomic molecule to produce a vibrationally excited hydrogen halide. We
next consider the reactions of CN~ with HX to produce vibrationally excited

HCN (Maricq et al., 1981).

CN™ + HC%, HBr, HI » HCN(v) + C2~, Br~, I (5)

The study of IR emission from a triatomic molecule is considerably more dif-
ficult than from a diatomic species. It is now necessary to distinguish chemi-
luminescence from the C=N stretch (vl), a doubly degenerate H-C=N bend (v,),
and the C-H stretch (V3). With so many modes, the spectroscopy becomes more
complicated and the separation and assignment of emission lines becomes more
difficult. Worse yet, the energy may scramble via intramolecular pathways so
that the resulting emission bears little resemblance to the initial product
state distribution. In an extreme case, the internal energy may rapidly leak
out by collisional deactivation in the flow tube of a low frequency vibra-
tional mode resulting in no emission at all.

Because of the favorable spectroscopic features (Allen, et al., 1956)

and relaxation rates of HCN (Hariri, et al., 1976; Petersen and Smith, 1979;




Arnold, et al., 1980), it is possible to extract the relative populations in
the v3 mode produced by the reactions CN™ with HC&, HBr, and HI. These are
summarized in Table I, no dynamical information is available for the cor-
responding CN reactions (Roden, 1975). Since population inversions are ob-
served, it is apparent that the excess vibrational energy does not become
completely scramhled among the available vibrational modes as the reactants
pass through the deep potential well separating reactants and products. Un-
fortunately, very little can be said about the energy distritution in other
modes except that a considerable number of bending quanta must be excited
(vo).

A second important and unexpected result of these studies is the detec-
tion of HNC, produced in the reaction of CN™ with HI. In fact, HNC represents
roughlty 20% of thé excited products detected in this reaction. Hydroisocyanic
acid, HNC, is identifiable by its characteristic N-H stretch at 2.74 um.
Figure 7 shows the results of a point-by-point scan of the Ge:Cu detector
equipped with the circular variable filter through the high frequency N-H
stretch region for HNC resulting from the CN™ + HI reaction. This is a nice
example of the ability of the infrared method to sense a fragile reaction
product not easily detected in any other way.

The thermochemistry of HNC is of some interest, and from our data we can
make some quantitative statements. The differénce in enthalpy between HCN and
HNC is the isomerization energy, AHiso’ and the height of the barrier to iso-
merization éf HNC(v=0) to HCN is the isomerization barrier, bEigo° By consid-
ering which CN” reactions produce excited HNC, the enthalpy difference between

the two species can be bracketed (Maricq et al., 1981)

1.14 (20.11) eV > AHiso > 0.74 (£0.11) eV .
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The uncertainty in the heats of reaction is traceable to the lack of precision

in the heat of formation of HCN (Berkowitz, et al., 1968). Two recent experi-
mental studies have independently measured AHiso in a direct manner. A study
of microwave absorption as a function of temperature reports a value of 0.44 =
0.05 eV (Maki and Sams, 1981) while a deprotonation experiment in an ion cyclo-
tron resonance spectrometer finds a value of 0.64 + 0.09 eV (Pau and Hehre,
1982). Both our results and recent computational work (Redmon, et al., 1980,
Dykstra and Secrest, 1981) favor the latter value. Using Pau and Hehre's value
for aHyq, and the fact that none of the HCN(v) product of the CN™ + H reaction

isomerizes to HNC, we can likewise bound the isomerization energy:

AE o 2 0.92 (#0.11) eV .

This result is consistent with calculated theoretical barriers (Redmon, et

al., 1980) of 1.3 eV.

b. Associative detachment reactions

Associative detachment reactions, A” + B » AB(v,J) + e”, offer a novel
opportunity to probe the transition of a negative ion potential energy surface
into a neutral plus electron continuum. The flowing afterglow infrared method
provides detailed information on these processes by investigation of state dis-
tributions in the neutral product molecule. There is tremendous interest iﬁ
several processes which proceed through negative ion molecular states, includ-
ing electron-scattering, dissociative attachment, and associative detachment
(Shimamura and Matsuzawa, 1979). Thus far, there is no unifying theoretical
description of these interrelated processes. Associative detachment is unique

among these in that it samples the negative ion surface from long range. As

the internuclear separation decreases, the neutral surface becomes unstable




with respect to autodetachment (for representative HF and HF™ surfaces, sece

Segal and Wolf, 1981). The vibration-rotation state distribution can provide
a tremendous amount of information concerning the geometry and dynamics in the
autodetachment region. There are numerous early discussions of the associa-
tive detachment process and of the important theoretical criteria (Fehsenfeld,
1975b; Herzenberg, 1967).

The infrared chemiluminescence/flowing afterglow technique has provided
almost all of the recent data on vibrational product states in associative

detachment reactions. The technique has been applied to five systems:

0" + CO > COp(v) + e (Bierbaum, et al., 1977) (6)
Ca™ + H-»> HCa(v=0-2) + e (Zwier, et al., 1980b) (7)
CN™ + H > HCN(v) + e~ (Maricq, et al., 1981) (8)
F”" + H> HF(v=0-5) + e” (Zwier, et al., 1981,

Smith and Leone, 1982) (9)
F” + D » DF(v=0-7) + e~ (Smith and Leone, 1982) (10)

The 0 + CO reaction was the first ion-molecule reaction studied by in-
frared chemiluminescence in the flowing afterglow. Direct excitation of the
product COp antisymmetric stretch mode is observed. When a CO, gas filter
cell is used to block the (001 » 000) emission, 30% of the fluorescence is
transmitted, compared to about 10% which would be transmitted for a sample
thermalized in the bending modes (0On0). This clear.y indicates excitation in
states higher than (001), which might also include excitation of other modes.

In the C&~ + H reaction, the HCL vibrational distribution of v=2/v=1 is

measured to be 0.6. This is less than the v=2/v=1 ratio of 0.85 for the Ci ™ +

HI reéctiOH. However, comparison of the total emission intensity of these two

DY PR
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reactions, which have similar exothermicities, suggests that the formation of

HCR (v=0) in the associative detachment reaction is zero or small. This is cor-

roborated by the application of microscopic reversibility to data obtained by
Allan and Wong (1981) on the reverse dissociative attachment process (Zwier,
et al., 1980b). It is found that the associative detachment process strongly
favors population of the highest vibrational states, and that the reverse,

dissociative attachment cross sections are greatly enhanced by vibrational

P

excitation. Figure 8 shows this propensity for high vibrational excitation
even more dramatically for the F~ + H and D systems, which produce HF up to
v=5 and DF up to v=7. There is a strong peaking of the vibrational excitation
into the highest states accessible, a good indication that the electron detach-
ment occurs at large separations in the initial approach of the F”" + H. The
colliding atom and ion sample the highest vibrational states first and have a
substantial probability of detaching into those high levels. Indeed, this
physical description is supported by detailed theoretical calculations
(Gauyacqg, 1982; see also Zwier, et al., 1981). There is a significantly
greater population of the lower vibrational states in the F~ + D case. This
is attributed to a reduction in the probability for detachment at large inter-
nuclear separations, increasing the fraction of collisions which survive to
closer separations and sample the lower vibragiona] levels (Smith and Leone,
1982). This result has not yet been satisfactorily explained by theory.

The release of the extremely light electron in the associative detachment }
process provides an interesting dynamical constraint due to conservation of
energy and angular momentum. A substantial fraction of the orbital angular
momentum of the incoming reactants is converted into rotational excitation of

the neutral product molecule. For molecules with large rotational constants

this has the effect of reducing the range of allowed impact parameters, and
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Vibrational population distributions for the F~ + H, D + HF(v),
DF(v) + e  associative detachment reactions. Earlier data (0) of
Zwier, et al. (1981) was found to be partially relaxed. Theoretical
calculations (4) of Gauyacq (1982) show good agreement with the
present results for HF.
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hence the cross section, that can lead to the highest vibrational levels.
This truncation of population in the highest vibrational states is readily ap-
1 parent in Fig. 8. Simple model arguments can predict the near one-to-one map-

ping of impact parameter into rotational state (Zwier, et al., 1980b; Zwier,

et al., 1981). In the more complete theoretical description when both vibra-
tional and rotational states are taken into account, each vibrational state
spans predominantly a small range of J values, and the cross sections into
each successive vibrational level turn on and off at a certain J (Gauyacq,
1982). The production of high rotational states has recently been observed
directly by carrying out the F~ + D reaction in a argon buffer gas, which is
much Tess efficient than helium at rotational relaxation (Smith and Leone,

1982).

The population distribution in the C-H stretch of HCN is obtained for
the CN” + H associative detachment reaction and found to be v=1:v=2:v=3:v=4 =
0.47:0.39:0.09:0.05 (Maricq, et al., 1981). Although there is substantial ex-
citation, this distribution decreases with increasing vibrational level in
contrast to the diatomic cases. This is attributed to the large number of
vibrational states accessible in the polyatomic product, which reduces the
probability of depositing all of the reaction exothermicity into the C-H
mode. In the reaction of CN™ with HI, the HNC product is detected. Even
though the CN™ + H reaction has a nearly idengicaI exothermicity, the vibra- ‘
tionally excited HNC product is not observed in this case. It is conjectured
that perhaps the approach of the H atom to the nitrogen end of the CN™ leads
to a significant barrier in the potential surface, preventing the HNC™ species

from ever reaching the autodetaching region (Maricq, et al., 1981).
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c. Heavy Atom Transfer

With the flowing afterglow infrared chemiluminescence apparatus, the
first quantitative measurements of infrared emission from an ionic product
of an ion-nolecule reaction have been made, specifically from vibrationally

excited NO* formed in the reaction of N* with 0, (Smith, et al., 1982):

N+ 0, N0 +0 ~45% (11)
+
. i
+ 0 + NZ ~ 5% (13)

The branching fractions have been summarized by Albritton, et al. (1979).
This reaction serves as a major loss of N* in the earth's atmosphere. The
reaction is rapid (k = 6.1 x 10710 cn3 571, McFarland, et al., 1973) and the
channel forming not s extremely exoergic, releasing 6.6 eV energy. The dis-
posal of this large exothermicity is an intriguing question. Tully, et al.,
(1971) found low product translational energies in their crossed beam experi-
ments. Albritton, et al. (1979) found less than 2% formation of the first
electronically excited state, no* (a 3z+), in flowing afterglow studies.
Therefore vibrational excitation is highly probable and levels up to v=28 are
energetically accessible. This would produce infrared emission between 4 and

7 um, a region where there are unidentified emissions in the earth's atmo-

sphere. With oxygen pressures where the Nt o+ 02 reaction goes to approxi-

mately 50% completion, infrared emission is observed between 4.1 and 5.2 um,
peaking near 4.5 um (Fig. 9). There is no emission at longer wavelengths.

If the oxygen pressure is increased tenfold an intense new emission feature

appears, centered at 5.7 um and spanning 5.2-6.4 um; the original emission

remains essentially unchanged.
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These results suggest a more complex reaction scheme. The reactions of
Nt with 02 are sufficiently exothermic that several electronically excited

states of the product atoms are accessible:

AH
NY + 0,5 N0t + (%) -6.6 eV (14)
> N+ o(ld)  -4.6ev (15)

+ 1
+ N0 + 0(°S) -2.4 eV (16)
> 0,0+ N(¥s) 2.5 ev (17)
» 0, + N(%D)  -0.1 ev (18)

Although NO+(v=28) can be populated in the reaction forming the 0(3P) product,
only levels up to v=18 and v=38 are allowed for the O(ID) and 0(15) channels,
respectively. Likewise, in addition to formation of 02+ and N(4S), there is a
nearly energy resonant channel that can generate N(ZD). N(zD) can undergo a

well known reaction at the higher pressures of oxygen (Lin and Kaufman, 1971):
N(?D) + 0, » NO(v) + O (19)

This reaction proceeds with a rate constant of 6 x 10'12 cm3 s'1 and is suffi-
ciently exothermic to populate NO{v<18), which appears to be the source of the
additional emission. The corresponding reaction of N(4S) with 0, would not

occur under our experimental conditions (k = 9 x 10717 cm3 s'l, Baulch, et

al., 1973). Using radiative lifetimes for wo* (Werner and Rosmus, 1982) and
for NO (Billingsley, 1976) we have carried out a computer fitting of the in-
frared data and obtain relative vibrational populations. Those for NO*(v) are

shown in Fig. 9. The NO*(v) distribution is bimodal peaking at v=7 and 12,

e et ot S .




-34-

indicating partitioning of the corresponding O atom product into at least two

1

of the accessible states, 3P, D and 1S. The absence of any population in

levels greater than v=14 suggests that the 0(3P) channel does not occur sig-

nificantly. With the observation of low translational (Tully, et al., 1971) i

and low vibrational excitation, occurrence of the 0(3P) pathway would require

the unlikely channeling of about 3 eV into rotation. The rapid cutoff in

emission near v=8 corresponds to the exothermicity of the product channel

forming 0(15)‘ The sum of NO+(v=1~8) and N0+(v=9—14) populations are in an

approximate ratio of 5:1. While it is tempting to assign these emissions to ‘4

the 0(15) and O(ID) channels, other interpretations of the data are possible.
The longer wavelength emission which arises at high oxygen pressure is

identified as arising from NO(v) formed by further reaction of the N(ZD) prod-

uct. Our best fit population for NO(v) is in excellent agreement with the ex-

perimental results of Kennealy and co-workers (1978). Comparison of the relative

intensities of NO* and NO emission suggest that the N(ZD) is the major charge

transfer product channel, representing 0.7 + 0.2 of the total charge transfer
process. The formation of NO(v) therefore serves as a convenient probe of
otherwise "dark" ion-molecule reaction channels. These results present an
interesting contrast with those of HC& and HF where very high vibrational ex-
citation is observed. When electronically excited atomic products are possi-

ble, it appears that these channels are preferred, leaving less energy for :r

vibrational excitation of the diatomic product. Nevertheless, a substantial

amount of the available energy is emitted as vibrational chemiluminescence.

Vibrational relaxation rates of N0+(v) with NO and with N, have been

measured by Bien (1978) and are relatively slow. The fact that our NO+(v)

distribution does not change significantly for a wide range of oxygen pres-

sures suggests that relaxation by 0p may be inefficient.




d. Rotationally Resolved Charge Transfer

In the flowing afterglow, product molecules typically suffer thousands of
collisions with the helium buffer gas before detection. This has the unfor-
tunate consequence that rotational state distributions in all but a few cases
are completely thermalized. In many ion-mnolecule reactions the rotational 4

state populations will provide an important determinaton of the dynamical

characteristics. A new apparatus has been developed which preserves the
advantageous features of the high ion density and therimalized ions available
in the flowing afterglow, but in which the ion reaction is carried out in a |
Tow pressure chamber under nearly single collision conditions (Guyer, et al.,
1982).

Figure 10 shows the source and interaction region of this apparatus. :w
A flowing afterglow source is coupled to a low pressure chamber by a large
diameter (3-5 mm) orifice. With roughly 130 Pa pressure behind the nozzle
orifice, the helium-entrained ions form a novel, low Mach number, free jet
expansion into the high vacuum region. Densities of thermalized ions of

approximately 10° cm™3

are achieved in the reaction zone with a background
pressure of 0.04 Pa. Only about 10% of the ions undergo reaction with the
crossed spray of reagent molecules, so that neak]y single collision conditions
are achieved. The product state distribution is probed by 1aser;induced fluo-
rescence. In order to obtain sufficient signal-to-noise, the pulsed excita- ﬁ
tion laser is operated in the saturating regime. The signal count rates are
typically one photon per laser pulse on a single line in the laser-induced
fluorescence spectrum, with backyground count rates of 0.1 per laser pulse. i
The nozzle expansion produces ions with well-characterized translationa]I

and internal energies. Laser-induced fluorescence measurements of diatomic

ions such as COY delivered through the expansion show rotational distributions
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that are typically non-Boltzmann. The low rotational states are about 70 K
and the higher states about 130 K. This can be explained by the varying rates
of rotational relaxation, which decrease with increasing energy spacing be-
tween rotational levels. The translational enerqy is typically 0.1 eV, only
slightly above thermal.

Results have been obtained for the charge transfer reaction

Nt 4+ CO»> N+ cOY (20)

which is sufficiently exothermic to populate up to CO+(v=2). Population is pre-
dominantly observed in the v=0 state of CO+, with only a small amount in the reso-
nant state v=2 (Guyer, et al., 1982). A portion of the LIF spectrum from cot (v=0)
produced in the reaction is shown in Fig. 1l. The rotational state distribution in
v=0 fits approximately a Boltzmann distribution at a temperature of 430 K. There-
fore the reaction energy is almost completely released into translation. A physical
picture of this reaction is one in which the electron transfer occurs at Jé%ge in-
ternuclear distances, delivering a near-Franck-Condon population in the co® products.
Such a process is called an electron jump with rmomentum transfer (Marx, 1973). It

is characterized by an electron transfer at a distance where the difference poten-
tial between the N+ Co system and the cot + N.system goes to zero. For N+ co
this crossing occurs ~»* long range. The low degree of rotational excitation sug-
gests that the N + co” products do not exert much torque on the co* rotor in the

exit channel. This may be the case if, once the elecron is transferred, the energy
is released relatively slowly. This is consistent with the fact that the ion- !
induced forces are comparable in magniti'de to the overall exothermicity. There
are many other possibilities where the capability for rotationally-resolved

product state distributions can be used to test important dynamical concepts

in near-thermal energy ion-molecule reactions.
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e. Collisional Excitation and Relaxation of lons

The flowing afterglow coupled with laser induced fluorescence allows
studies of collisional enerqgy transfer of ions. This is a challenging and im-
portant new crea, for which little experimental data exist. The kinetic energy
dependence of ion-molecule reaction rate constants and branching ratios have
been addressed in drift tubes and flow drift systems, and the translational
energy distribution of atomic ions in atomic buffer gases has been character-
ized. However, the extent of internal excitation of diatomic or polyatomic
ions in a drift field is completely unknown. Dotan, et al. (1978) have ob-
served a number of unusual changes in the reactivity of ions in a drift field
which they attribute to vibrational excitation. In quadrupole ion trap stud-
ies, Mahan, et al., (1982) find that for charge transfer cross sections of
N2+(v), there is a strong dependence on vibrational excitation for reaction
with Np and no measurable dependence for reactions with Ar.

Strikingly little information exists on energy tra sfer processes for ions
even at thermal energy. Bien (1978) has measured relatively slow deactivation
rates of NO*(v) by MO and N, and Howorka, et al. (1980) find essentially no re-
laxation of N2+(v=1) by helium. There is evidence that symmetric charge trans-
fer processes rapidly deactivate vibrationally excited ions (Mahan, et al., 1982).
In preliminary studies we have found that relaxation of C0+(v=1) is rapid by
botn CO and N,, occurring with a probability between 0.1 and 1.0 per collision
(Hamilton, et al., 1982). Deactivation in both cases can occur by near reso-
nant vibrational energy transfer, and with CO, charge transfer deactivation is
also possible. Danon and Marx (1982) have also reported rapid vibrational re-
laxation of COY in their LIF/ion trap studies of the reaction of Art with CO. 5

To study collisional excitation and relaxation of ions we have incor-

porated a drift section immediately before and throughout the region of laser




interrogation as shown in Fig. 12. This region is composed of about 40 thin

cylindrical sections of flow tube, separated by mylar spacers and connected
by precision resistors. In the region of LIF detection, a small opening is
covered with wire mesh to allow collection of fluorescence by the photomulti-
plier. For these experiments the pulsed dye laser is introduced through a
window in the end flange of the flow tube and directed along the flow tube
axis. Therefore the baffle arms and laser ports in the region of laser
probing are eliminated and field perturbations are minimized. With applied
potentials of up to 5V/cm and helium buffer gas pressures of about 65 Pa, E/N

o-17 2). The field is esti-

values of up to 32 Td are obtained (1 Td = 1 V cm
mated to be 99% uniform to within 73% of the flow tube radius (Albritton,
1967). For proper operation of a drift tube, ionic species of only one
polarity can be present. Efficient separation of positive and negative ions
requires densities of 107 cm'3 or less; therefore, in comparison with other
studies, these drift experiments are performed with considerably lower ion
concentrations and reduced signal-to-noise.

The N2+ ion is an excellent candidate for the first drift studies due
to its short radiative lifetime and straightforward spectroscopy (Engelking
and Smith, 1975). Figure 13a shows a portion of the LIF spectrum for the
B %, *(v'=0) - X 229
(Duncan, et al., 1982). A least squares analysis of the relative peak inten-

*(v"=0) transition in N2+ in the absence of a drift field

sities in the R branch yields a rotational temperature of 289 X indicating a
relaxed thermal Boltzmann distribution of ground state rotational levels.
When a field of 30.9 Td is applied to NZ+ in helium buffer gas, the LIF spec-
trum in Fig. 13b results. The maximum intensity has shifted from K"=6 to
K"=10 and a rotational temperature of 666 K is obtained. Varying either the

length of drift section before laser interrogation ur the time delay between
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(a) ZERO FIELD
6 289°K
a 8
10
2
12
14
K”=O 16
18
5V/cm
(b) 30.9 Td
666°K
[ 1 | 1
39].0 390.5 390.0 389.5

WAVELENGTH (nm)

Laser-induced fluorescence spectra of Np* (B 2z, - X 2z,) obtained
by scanning the (0,0) transition while collecting the (8,1) emission

through a bandpass filter. MN,* ions at (a) room temperature and
(b) drifted at 30.9 Td in helium showing the effect of rotational
heating. The spectra shown are not corrected for the transmission
of the bandpass filter used.
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application of the field and laser probing does not change the rotational tem-

perature for a given E/N. This suggests that rotational excitation/relaxation

processes in helium are very rapid, and equilibrium is achieved in less than
ten collisions. Rapid translation-to-rotation enerqgy transfer has also been
reported by Mahan and 0'Keefe (1982) in N2+-Ar collisions in an rf trap.
Viehland, et al. (1981) have developed a theoretical description of col-
lisional excitation of ions in a drift field, in this treatment the internal
temperature of an ion is simply given by the collision energy of the ions with

the neutral buffer gas. Figure 14 plots the dependence of rotational tempera-

ture on field strength as predicted by theory and observed in the present ex-

periments; the agreement is excellent.

3. Conclusion

Extension of the classical flowing afterglow technique to include infra-
red chemiluminescence and laser-induced fluorescence detection has provided a
powerful new method for studying ion reaction dynamics. The diversity of pro-
cesses outlined in the previous section is a testimony to the broad nature and
versatility of this approach. Initial vibrational distributions for a variety
of thermal energy ion-molecule reactions are determined for the first time;
for some processes detailed rotational distributions are also obtained; colli- !

sional excitation and relaxation processes are studied both at thermal energy

and as a function of kinetic energy.
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